Islam H, Townsend LK, McKie GL, Medeiros PJ, Gurd BJ, Hazell TJ. Potential involvement of lactate and interleukin-6 in the appetite-regulatory hormonal response to an acute exercise bout. J Appl Physiol 123: 614 -623, 2017. First published July 6, 2017; doi:10.1152/japplphysiol.00218.2017.-High-intensity exercise suppresses appetite partly through changes in peripheral appetite-regulating hormones. Lactate and IL-6 mediate the release of these hormones in animal/cell models and may provide a mechanistic link between exercise intensity and appetite regulation. The current study examined changes in appetite-regulating hormones, lactate, and IL-6 after different intensities of running. Eight males completed four experimental sessions: 1) moderate-intensity continuous training (MICT; 65% V O2max); 2) vigorous-intensity continuous training (VICT; 85% V O2max); 3) sprint interval training (SIT; repeated "all-out" sprints); and 4) Control (CTRL; no exercise). Acylated ghrelin, active glucagon-like peptide-1 (GLP-1), total peptide YY (PYY), lactate, IL-6, and appetite perceptions were measured pre-, immediately postexercise, 30 min postexercise, and 90 min postexercise. Energy intake was recorded over 3 days. VICT and SIT suppressed ghrelin (P Ͻ 0.001), although SIT elicited a greater (P ϭ 0.016 vs. MICT) and more prolonged (P Ͻ 0.001 vs. all sessions) response. GLP-1 increased immediately after MICT (P Ͻ 0.001) and 30 min after VICT (P Ͻ 0.001) and SIT (P Ͻ 0.002), while VICT elicited a greater postexercise increase in PYY vs. MICT (P ϭ 0.027). Postexercise changes in blood lactate and IL-6 correlated with the area under the curve values for ghrelin (r ϭ Ϫ0.60, P Ͻ 0.001) and GLP-1 (r ϭ 0.42, P ϭ 0.017), respectively. Appetite was suppressed after exercise (P Ͻ 0.001), although more so after VICT (P Ͻ 0.027) and SIT (P Ͻ 0.001) vs. MICT, and energy intake was reduced on the day after VICT (P Ͻ 0.017 vs. MICT and CTRL) and SIT (P ϭ 0.049 vs. MICT). These findings support an intensity-dependent paradigm for appetite regulation following exercise and highlight the potential involvement of lactate and IL-6.
NEW & NOTEWORTHY This study examines the involvement of two potential mechanisms (lactate and IL-6) that may explain the intensity-dependent effects of acute exercise on appetite-related parameters. Our findings support a clear intensity-dependent paradigm for appetite regulation following exercise, as highlighted by the change in acylated ghrelin and the suppression of appetite and energy intake after vigorous exercise (continuous and intermittent). Further, our findings extend previous work in animal/cell models by providing evidence for the potential role of lactate and IL-6 in mediating changes in appetite-related parameters following exercise in humans. appetite regulation; gut peptides; orexigenic; anorexigenic; energy intake THE PHYSIOLOGICAL CONTROL of energy intake is mediated by complex interactions between key brain regions involved in energy homeostasis and circulating appetite-regulating hormones (29) . Acute energy intake is influenced by several gut-derived hormones that respond to changes in energy status and alter perceptions of appetite through central neuronal processes (23) . Ghrelin is the only known gut-derived hormone with orexigenic (appetite-stimulating) properties and is released from gastric cells during periods of energy deficit, such as fasting (35) . Once secreted, ghrelin is converted to its biologically active (acylated) form by the enzyme ghrelin O-acyl transferase (60) . Acting in opposition to ghrelin are the anorexigenic (appetite-inhibiting) products of intestinal L cells, peptide YY (PYY) and glucagon-like peptide-1 (GLP-1) (29) . Active GLP-1 (GLP-1 and GLP-1 ) is rapidly degraded to the inactive GLP-1 9 -36 by the enzyme dipeptidyl peptidase-4 (DPP-IV), which also facilitates the conversion between PYY 1-36 and PYY (28) . Although both forms of PYY are biologically active, PYY exerts more potent anorexigenic effects (12) and represents the major circulating form of this peptide (4) .
Acute exercise (30 -90 min) suppresses acylated ghrelin and increases GLP-1 and PYY concentrations (total and active), leading to a transient reduction in appetite and/or energy intake (45, 46) . Furthermore, this hormonal response and the associated decrease in appetite and/or energy intake appears to be more pronounced after higher intensities of exercise (Ն70% V O 2max ), highlighting exercise intensity as a potentially important appetite-regulatory stimulus (8, 9, 13, 15, 24, 25, 33, 34, 42, 52, 57) . Specifically, comparisons between different intensities of moderate-intensity continuous training (MICT, 50 -75% V O 2max ), and between MICT and high-intensity/sprint interval training (HIIT/SIT) suggest that intense exercise promotes greater changes in circulating hormone (acylated ghrelin, total PYY, PYY ) concentrations and that these changes are in a direction that favors reductions in appetite and/or energy intake (1, 8, 13, 15, 24, 42, 52, 57) . However, the mechanisms underlying the potentially greater effects of highintensity exercise on circulating hormone concentrations are unclear.
Although several mechanisms may link exercise intensity to appetite regulation (25) , we were particularly interested in lactate and IL-6, as both of these can increase in an intensitydependent manner following an acute exercise bout (11, 21, 48) . Importantly for appetite regulation, lactate binds to ghrelin-producing cells and inhibits their secretory function (17) , while its administration (peripheral and central) decreases energy intake in both humans (47) and animals (10, 36, 41) . Additionally, elevations in IL-6 coincide with reduced postexercise energy intake in humans (2) and systemic increases in IL-6 (via infusion or following exhaustive exercise) stimulate GLP-1 secretion from intestinal L cells, while also increasing the expression of PYY mRNA in these cells (16) . IL-6 also influences appetite and energy intake via direct actions on key neuronal circuits involved in energy homeostasis (18, 43, 44, 51) . Thus, lactate may be involved in the intensity-dependent suppression of acylated ghrelin following exercise, while IL-6 may be important for increasing GLP-1 and PYY concentrations. Taken together, it can be hypothesized that lactate and IL-6, both of which can increase in an intensity-dependent manner following an acute exercise bout, mediate the effects of exercise intensity on appetite and energy intake due to their ability to influence circulating hormone concentrations.
To test the hypothesis that lactate and IL-6 are involved in the appetite-regulatory response to acute exercise, we utilized exercise intensity as a method to increase systemic lactate and IL-6 and examined their association with postexercise changes in appetite-related parameters. Specifically, we examined changes in orexigenic (acylated ghrelin) and anorexigenic (active GLP-1 and total PYY) gut peptides, appetite perceptions, and energy intake following two doses of submaximal continuous running (i.e., 65 and 85% V O 2max ), as well as a supramaximal interval training protocol, to investigate their relationship with exercise-induced increases in lactate and IL-6.
MATERIALS AND METHODS
Participants. Eight active young males volunteered to participate in this study. Participants were nonsmokers and healthy, as assessed by the PAR-Qϩ health questionnaire. All participants were physically active (Յ3 weekly exercise sessions), although none were involved in a systemic training program nor had they been for at least 6 mo before data collection. Participants were not taking any dietary supplements at the time of the study. Experimental details were fully explained to all participants, and all provided written informed consent before any data collection. This study was approved by the Research Ethics Board at Wilfrid Laurier University in accordance with the 1964 Declaration of Helsinki.
Study design. All participants completed four experimental sessions (~3 h each) in a systematic rotational order using a counterbalanced Latin square design, with each session performed Ն1 wk apart. Experimental sessions consisted of one resting control session (CTRL; no exercise) and three exercise sessions involving runningbased protocols: 1) moderate-intensity continuous training (MICT, 65% V O2max); 2) vigorous-intensity continuous training (VICT, 85% V O2max); and 3) sprint interval training (SIT, brief bouts of "all-out" running interspersed with short rest periods). Blood samples and subjective appetite measures were obtained at several time points during each session. Participants were instructed to refrain from physical activity, alcohol, and caffeine for Ն24 h before each experimental session. Energy intake was recorded for a 3-day period (day before, day of, day after), and participants were asked to replicate their dietary intake for 24 h before each session.
Preexperimental procedures. All participants completed one familiarization session (1 wk) before the first experimental session to introduce testing procedures/equipment and reduce any learning effects during subsequent sessions. During this session, participants also performed a graded exercise test to exhaustion on a motorized treadmill (4Front, Woodway, WI) for the determination of maximal oxygen consumption (V O2max). Oxygen consumption (V O2) and carbon dioxide production (V CO2) were measured continuously using an online breath-by-breath gas collection system (MAX II; AEI Technologies, Pittsburgh, PA) that was calibrated using known gas concentrations and a 3-liter syringe for flow. Heart rate (HR) was recorded beat-to-beat using an integrated HR monitor (FT1; Polar Electro, Lachine, QC, Canada). After a 5-min treadmill warm-up (3.5 mph), each participant ran at a self-selected pace (5-7 mph) that was maintained throughout the test, with incremental increases in workload (2% grade) applied every 2 min until volitional fatigue. V O 2max was defined as the greatest 30-s average at which V O2 values plateaued (Ͻ1.35 ml·kg Ϫ1 ·min Ϫ1 ) despite increases in workload, or two of the following criteria: 1) respiratory exchange ratio (RER) value Ͼ1.10; 2) maximal HR [within 10 bpm of age-predicted maximum (220-age)] and/or 3) voluntary exhaustion. Following a 5-min treadmill cool-down and a short rest period (Ͼ20 min), the running speed/grade required to elicit appropriate workloads for the MICT (65% V O2max) and VICT (85% V O2max) sessions were determined. Participants then practiced "all-out" running on a specialized selfpropelled treadmill (HiTrainer Pro, QC, Canada) on which the SIT protocol was performed.
Experimental sessions. Participants arrived at the laboratory at 0800 after an overnight fast and remained in the laboratory for the next~3 h (Fig. 1) . Upon arrival, participants were given a standardized test meal (7 kcal/kg) consisting of an appropriate amount (g) of Chocolate Chip Clif Bar (68% carbohydrates, 17% fat, 15% protein) and water (provided ad libitum throughout session). The test meal was consumed within 15 min, after which participants rested quietly while sitting for 30 min. Exercise commenced at 0850 and consisted of a 5-min standardized warm-up (3.5 mph), a 30-min running-based protocol (14 min for SIT with an additional 16 min of rest before warm-up to match protocol duration), and a 5-min cool-down (selfpaced). Gas exchange (V O2 and V CO2) and HR were measured continuously during exercise using the gas collection system and integrated HR monitor described previously. Upon completion of exercise (0930), participants rested quietly (reading or using a laptop) for an additional 90 min. Venous blood samples were obtained at 0845 (preexercise), 0930 h (immediately postexercise), 1000 (30 min postexercise), and 1100 (90 min postexercise). Appetite perceptions were assessed at the same blood sampling time points. Identical procedures were followed during the CTRL session with the exception of the exercise period (0850 -0930), during which participants rested quietly.
Exercise protocols. The MICT and VICT protocols were performed on a motorized treadmill (4Front, Woodway, WI) and consisted of 30 min of continuous running at a target workload of 65% and 85% V O2max, respectively. Participants began running at the predetermined work rate corresponding to the target intensity, and V O2 was continuously monitored to adjust work rate as needed to maintain intensity (using speed/grade adjustments). The SIT protocol was performed on a self-propelled sprint treadmill (HiTrainer Pro, QC, Canada) and consisted of four, 30-s "all out" running efforts interspersed with 4-min rest periods. Participants were instructed to exert maximal effort for the entire duration of each sprint, and strong verbal encouragement was provided throughout.
Blood processing and analysis. Blood samples were collected by venipuncture from the antecubital vein, while participants were in a supine position for the measurement of acylated ghrelin, active GLP-1 (GLP-17-36 and GLP-17-37), total PYY, IL-6, and lactate. Two samples (3 ml whole blood each) were collected into separate prechilled Vacutainer tubes coated with K2 EDTA (5.4 mg) at each time point.
In the first tube, 40 l of AEBSF (25 mg/ml) per milliliter of whole blood was added to prevent degradation of acylated ghrelin. In the other tube, 10 l of DPP-IV inhibitor and 500 KIU aprotinin per milliliter of whole blood were added to prevent inactivation of GLP-1 and ex vivo conversion of PYY to PYY3-36. All tubes were gently inverted 10 times and centrifuged at 3,000 g for 10 min. The plasma supernatant was then dispensed into Eppendorf tubes, while the plasma from the ghrelin Vacutainer was acidified by the addition of 100 l of 1 M HCl per milliliter of plasma. All plasma supernatant was stored at Ϫ80°C for subsequent analysis. Commercially available enzyme-linked immunosorbent assay kits were used to determine plasma concentrations of acylated ghrelin (EMD Millipore, Billerica, MA), active GLP-1 (EMD Millipore), total PYY (EMD Millipore), and IL-6 (R&D Systems, Minneapolis, MN), according to the manufacturer's instructions. All samples were run in duplicate and were batch analyzed for each participant to eliminate interassay variation. The intra-assay coefficients of variation for acylated ghrelin, active GLP-1, total PYY, and IL-6 were 6.6, 9.1, 4.3, and 4.8%, respectively. A droplet of blood was taken from one of the Vacutainer tubes and placed on a lactate strip for the measurement of blood lactate using a hand-held analyzer (Accutrend lactate; Roche Diagnostics, Mannheim, Germany).
Appetite perceptions and energy intake. Appetite perceptions were assessed using Visual Analog Scales (VAS) (19) for perceptions of hunger (i.e., "How hungry do you feel?"), satisfaction (i.e., "How satisfied do you feel?"), fullness (i.e., "How full do you feel?"), and prospective food consumption (i.e., "How much do you think you can eat?") on a 100-mm scale anchored at each end with contrasting statements (i.e., "not at all" and "extremely"). The mean values of the four appetite perceptions were used to calculate an overall appetite score after inverting the values for satisfaction and fullness (53) . Free-living energy intake was recorded for a 3-day period (starting on the day before each experimental session) using self-reported dietary logs. For subsequent experimental sessions, participants were provided with a copy of their dietary intake from the day before their first experimental session and were asked to replicate that intake on the day before all subsequent sessions (2nd through 4th). A 24-h recall was conducted during follow-up interviews (on the morning of each session and within 48 h after each session) to verify the accuracy of the self-reported food intake (27) . Participants were also provided detailed instructions (including a sample log) to ensure proper measurement and recording. Energy and macronutrient intake were calculated using the U.S. Department of Agriculture online nutritional database.
Statistical analysis. All data were analyzed using SigmaStat for Windows (version 3.5). Because of the individual variability in absolute hormone concentrations and appetite perceptions, changes at each time point were expressed relative to each participant's baseline values, as described previously (20) . All area under the curve (AUC) calculations for blood-related parameters and appetite perceptions were performed using the trapezoid method using changes in each variable relative to baseline. One-way repeated-measures analysis of variance (ANOVA) was used to compare absolute hormone concentrations at baseline, AUC values across sessions, free-living energy intake, and exercise parameters. Two-way repeated-measures ANOVA (session ϫ time) was used to compare differences in appetite-regulating hormones, lactate, IL-6, and appetite perceptions between experimental sessions at each time point. Tukey's HSD tests were used for post hoc analysis where necessary. Relationships between variables were assessed using Pearson product-moment correlations. Specifically, the time points that elicited the greatest change in blood lactate and IL-6 were compared with the overall responses (i.e., AUC) for each appetite-regulating hormone and overall appetite during all experimental sessions. Significance was set at P Ͻ 0.05. All data are presented as means Ϯ SD. ), respectively. Average HR was not different (P ϭ 0.363) between MICT (161 Ϯ 12 bpm) and VICT (172 Ϯ 18 bpm), although both elicited a higher (P Ͻ 0.006) average HR than SIT (130 Ϯ 13 bpm). Respiratory exchange ratio (RER) was highest (P Ͻ 0.001) during SIT (1.41 Ϯ 0.07), while RER during VICT (1.04 Ϯ 0.03) was also greater (P ϭ 0.004) than MICT (0.98 Ϯ 0.05). Energy expenditure based on V O 2 (assuming 5 kcal/l O 2 ) was highest (P Ͻ 0.001) during VICT (492.8 Ϯ 33.4 kcal), while energy expenditure during MICT (396.1 Ϯ 28.8 kcal) was also greater (P Ͻ 0.001) than SIT (132.3 Ϯ 8.2 kcal).
RESULTS

Participant characteristics.
Acylated ghrelin. There were no differences (P Ͼ 0.636) in absolute acylated ghrelin concentrations at baseline (CTRL: 193.9 Ϯ 114.5 pg/ml; MICT: 216.2 Ϯ 164.6 pg/ml; VICT: 231.1 Ϯ 185.2 pg/ml; SIT: 223.1 Ϯ 163.2 pg/ml). Two-factor repeated-measures ANOVA revealed a significant (P Ͻ 0.001) interaction (session ϫ time) for changes in acylated ghrelin relative to baseline ( Fig. 2A) . Acylated ghrelin was suppressed immediately and 30 min postexercise after VICT (P Ͻ 0.001) and SIT (P Ͻ 0.001), while MICT was not different vs. CTRL (P Ͼ 0.177). SIT also elicited lower acylated ghrelin concentrations at 30 min postexercise vs. MICT (P ϭ 0.016) and at 90 min postexercise vs. all other sessions (P Ͻ 0.001). Acylated ghrelin concentrations at 90 min postexercise were not different between VICT and CTRL (P ϭ 0.925), although both were lower compared with MICT (P Ͻ 0.003). The AUC for acylated ghrelin (Table 1) was significantly lower during SIT (P ϭ 0.024) and VICT (P ϭ 0.026) vs. MICT, while the acylated ghrelin AUC during SIT was also lower than CTRL (P ϭ 0.020).
Active GLP-1. There were no differences (P ϭ 0.925) in absolute active GLP-1 concentrations at baseline (CTRL: 8.46 Ϯ 2.45 pmol/l; MICT: 7.95 Ϯ 2.06 pmol/l; VICT: 7.71 Ϯ 2.28 pmol/l; SIT: 8.23 Ϯ 2.54 pmol/l). Two-factor repeated-measures ANOVA revealed a significant (P Ͻ 0.001) interaction (session ϫ time) for changes in active GLP-1 relative to baseline (Fig. 2B) . MICT elicited the greatest active GLP-1 response immediately postexercise (P Ͻ 0.001), while VICT and SIT were both unchanged at this time point (P Ͼ 0.682). All three protocols increased active GLP-1 at 30 min postexercise vs. CTRL (P Ͻ 0.022), although this response was greatest after VICT (P Ͻ 0.001). Active GLP-1 remained elevated at 90 min postexercise after VICT (P ϭ 0.012) and SIT (P ϭ 0.003) vs. CTRL. The AUC for active GLP-1 (Table 1) was significantly greater during VICT (P ϭ 0.005) and SIT (P ϭ 0.017) vs. CTRL, and the difference between MICT and CTRL approached significance (P ϭ 0.058).
Total PYY. PYY data for one participant was excluded from the analysis due to problems with the assay (n ϭ 7 for this hormone only). There were no differences (P Ͼ 0.432) in absolute total PYY concentrations at baseline (CTRL: 104.7 Ϯ 61.9 pg/ml; MICT: 87.7 Ϯ 46.2 pg/ml; VICT: 80.5 Ϯ 48.9 pg/ml; SIT: 93.6 Ϯ 33.7 pg/ml). Two-factor repeated-measures ANOVA revealed a significant (P Ͻ 0.001) interaction (session ϫ time) for changes in total PYY concentrations relative to baseline (Fig. 2C) . Specifically, total PYY increased immediately postexercise after all three protocols vs. CTRL (P Ͻ 0.001), and this response was greater after VICT compared with MICT (P ϭ 0.027). There were no differences in total PYY concentrations at 30 min postexercise, although the difference between MICT and CTRL approached significance (P ϭ 0.057). MICT elicited an increase at PYY at 90 min postexercise vs. CTRL (P ϭ 0.016). The AUC for total PYY (Table 1) was significantly greater during MICT compared with CTRL (P ϭ 0.006).
Lactate. There were no differences (P Ͼ 0.373) in absolute lactate concentrations at baseline (CTRL: 1.6 Ϯ 0.4 mmol/l; MICT: 1.7 Ϯ 0.6 mmol/l; VICT: 1.6 Ϯ 0.3 mmol/l; SIT: 1.3 Ϯ 0.7 mmol/l). Two-factor repeated-measures ANOVA revealed a significant (P Ͻ 0.001) interaction (session ϫ time) for changes in lactate relative to baseline (Fig. 3A) . SIT elicited the greatest increase in lactate immediately postexercise (P Ͻ 0.001), while VICT also resulted in higher blood lactate than MICT at this time point (P Ͻ 0.001). Lactate remained elevated at 30 min postexercise after SIT vs. all other sessions (P Ͻ 0.001) and returned to baseline values at 90 min postexercise (P Ͼ 0.430). The AUC for blood lactate (Table 1) was highest during the SIT session (P Ͻ 0.001), while the lactate AUC during VICT was also greater than MICT (P Ͻ 0.001) and CTRL (P ϭ 0.001).
IL-6. There were no differences (P ϭ 0.301) in absolute IL-6 concentrations at baseline (CTRL: 1.61 Ϯ 0.27 pg/ml; MICT: 1.41 Ϯ 0.26 pg/ml; VICT: 1.57 Ϯ 0.29 pg/ml; SIT: 1.37 Ϯ f SIT significantly different from VICT, P Ͻ 0.05. 0.35 pg/ml). Two-factor repeated-measures ANOVA revealed a significant (P Ͻ 0.001) interaction (session ϫ time) for changes in IL-6 concentrations relative to baseline (Fig. 3B) . IL-6 increased immediately postexercise after VICT (P Ͻ 0.001) and SIT (P ϭ 0.020) vs. CTRL, while VICT also elicited a greater response vs. MICT (P ϭ 0.033). All three protocols increased IL-6 at 30 min postexercise (P Ͻ 0.001), with the increase being greater after VICT compared with MICT (P ϭ 0.002). IL-6 concentrations remained elevated at 90 min postexercise after VICT compared with both SIT (P ϭ 0.022) and CTRL (P ϭ 0.002). The AUC for IL-6 (Table 1) was significantly greater during VICT (P ϭ 0.018) and SIT (P ϭ 0.024) vs. CTRL, while the IL-6 AUC during VICT was also greater than MICT (P ϭ 0.029).
Appetite perceptions and energy intake. There were no differences (P Ͼ 0.800) in absolute values for overall appetite at baseline (CTRL: 35.0 Ϯ 26.7 mm; MICT: 36.3 Ϯ 29.0 mm; VICT: 36.3 Ϯ 22.4 mm; SIT: 39.1 Ϯ 25.7 mm). Overall appetite (Fig. 4) decreased after all three protocols immediately postexercise (P Ͻ 0.004), although more so after VICT (P ϭ 0.026) and SIT (P Ͻ 0.001) compared with MICT. Appetite remained suppressed for 30 min after VICT (P Ͻ 0.001) and SIT (P Ͻ 0.001) relative to both MICT and CTRL, and for 90 min postexercise after SIT compared with all other sessions (P Ͻ 0.005). The AUC for overall appetite (Table 1) was significantly lower during VICT (P ϭ 0.045) and SIT (P ϭ 0.010) vs. CTRL, while the appetite AUC during SIT was also lower than MICT (P ϭ 0.049). As intended, there were no differences (P Ͼ 0.801) in energy intake or macronutrient composition (CTRL: 50.6 Ϯ 7.5% carbohydrates, 29.4 Ϯ 5.4% fat, and 20.0 Ϯ 5.3% protein; MICT: 47.6 Ϯ 9.2% carbohydrates, 31.0 Ϯ 6.6% fat, 20.9 Ϯ 5.4% protein; VICT: 49.6 Ϯ 8.8% carbohydrates, 28.9 Ϯ 5.0% fat, 21.8 Ϯ 7.0% protein; and SIT: 49.3 Ϯ 7.0% carbohydrates, 29.7 Ϯ 5.3% fat, 21.1 Ϯ 5.3% protein) on the day before each experimental session (Fig. 5A) . Energy intake on the day of the experimental session (Fig. 5B) was not different between sessions, although a trend suggesting reduced energy intake after SIT (P ϭ 0.052 vs. CTRL) was observed. All participants ate the same breakfast on the basis of the 7 kcal/g body mass requirement for the standardized test meal (2.2 Ϯ 0.2 bars; 147.9 Ϯ 15.1 g; 545.8 Ϯ 55.9 kcal) on the day of the experimental session. Energy intake was reduced on the day after the experimental session (Fig. 5C ) following both VICT (P ϭ 0.003 vs. MICT; P ϭ 0.020 vs. CTRL) and SIT (P ϭ 0.049 vs. MICT).
Correlations. The greatest change in blood lactate ( Fig. 3A ; preexercise to immediately postexercise) was significantly correlated with the AUC values for acylated ghrelin ( Fig. 6A ; r ϭ Ϫ0.60, P Ͻ 0.001) and overall appetite ( Fig. 6B ; r ϭ Ϫ0.48, P ϭ 0.006) during all experimental sessions. The greatest increase in IL-6 ( Fig. 3B ; preexercise to 30 min postexercise) was significantly correlated with the AUC values for active GLP-1 ( Fig. 7A ; r ϭ 0.42, P ϭ 0.017) and overall appetite ( Fig. 7B ; r ϭ Ϫ0.36, P ϭ 0.043) during all experimental sessions. No significant relationship was observed between the postexercise increase in IL-6 and the AUC for total PYY (r ϭ 0.26, P ϭ 0.215). Similar correlations were observed when comparing changes at all postexercise time points between variables (data not shown).
DISCUSSION
To the best of our knowledge, this is the first study to examine changes in appetite-related parameters and their relationship with lactate and IL-6 in response to running-based MICT, VICT, and SIT. The key findings are as follows: 1) appetite is suppressed after acute exercise, although more so after VICT and SIT (Fig. 4) , while energy intake is reduced on the day after VICT and SIT (Fig. 5) ; 2) reductions in appetite are closely associated with decreases in acylated ghrelin after VICT and SIT, although SIT elicits a greater (vs. MICT) and more prolonged (vs. all other sessions) suppression of this peptide (Fig. 2); 3 ) exercise intensity appears less important for active GLP-1 and total PYY, although the immediate postexercise increase in PYY is greater after VICT compared with MICT (Fig. 2) ; and 4) increases in blood lactate correlate negatively with changes in acylated ghrelin and appetite (Fig.  6 ), while increases in IL-6 correlate positively with active GLP-1, and negatively with appetite (Fig. 7) . Collectively, the observed acylated ghrelin, appetite, and energy intake responses support a clear intensity-dependent paradigm for appetite regulation following exercise. Our findings also support the potential involvement of lactate and IL-6 in the appetiteregulatory response to an acute exercise bout, although a direct/causal relationship between lactate/IL-6 and appetiterelated parameters remains to be established.
The suppression of acylated ghrelin after both high-intensity protocols in our study supports a clear intensity-dependent response for this hormone. Although the effects of VICT have not been previously investigated, the majority of studies consistently demonstrating postexercise decreases in acylated ghrelin have involved more strenuous (Ն70% V O 2max ) versions of MICT (3, 8, 9, 33, 59) . At lower exercise intensities (Ͻ70% V O 2max ), longer-duration bouts may be necessary to suppress acylated ghrelin (13, 31, 50) , although some studies have failed to show an effect, even with prolonged exercise (22, 32, 52) . As such, the suppression of acylated ghrelin may be dependent on reaching an intensity threshold, particularly during short-duration exercise bouts, as highlighted by our results. Interestingly, SIT elicited a greater (vs. MICT) and more prolonged (vs. all other sessions) suppression of acylated ghrelin during the acute postexercise period of our study. In accordance with this finding, studies examining acylated ghre- (30, 37-39, 57, 58) . The immediate postexercise GLP-1 response after MICT is in agreement with previous studies reporting rapid increases in both total and active GLP-1 following similar intensities (50 -75% V O 2max ) of exercise (37-39, 57, 58) . Increasing the intensity of MICT from 50 to 75% V O 2max does not appear to promote a further increase active GLP-1 (57), suggesting that moderate exercise intensities sufficiently stimulate its release, which is in line with our findings. Given that the initial (0 -30 min postexercise) increase in GLP-1 in our study was of similar magnitude between MICT and VICT (albeit at different time points) and more pronounced compared with SIT, exercise volume (i.e., energy expenditure) may be more important for stimulating the release of this peptide (25) . However, as GLP-1 concentrations remained elevated at 90 min postexercise after VICT and SIT, the overall response was similar between the three protocols (as evidenced by the similar AUC).
Total PYY increased immediately postexercise, and this effect was greater after VICT compared with MICT, which indicates a greater responsiveness of this peptide to strenuous activity. This is in line with recent work from our group demonstrating an increase in total PYY after both VICT and SIT, and a greater response after SIT compared with MICT (24) . The lack of difference between SIT and MICT in the current study is likely attributable to a reduced exercise volume, as the SIT protocol that we employed previously involved two additional sprint bouts, resulting in a greater energy expenditure (24) . Although we are the only group to examine PYY responses to VICT, several studies involving MICT have reported increases in total PYY (7, 13, 30, 38, 58) , as well as PYY (14, 15, 33, 37, 57) , which appear to be more pronounced after higher (Ն70% V O 2max ) exercise intensities (7, 33, 37, 57) . Although our assay detected both PYY 1-36 and PYY , the total PYY response that we observed is likely reflective of circulating levels of PYY due to the addition of DPP-IV inhibitor. Further, PYY comprises the majority of this peptide in circulation (fed and fasted) (4) and correlates strongly (r ϭ 0.98) with measurements of total PYY (56) . Studies examining PYY responses to intense-interval exercise are limited and offer mixed results, with some reporting increases (5, 15, 24) and others no changes (13, 39, 40, 42, 52) . Like GLP-1, exercise duration/energy expenditure may also be important for increasing levels of this peptide, as evidenced by the MICT-induced PYY response in our study and others involving more prolonged (Ն60 min) exercise protocols (7, 15, 33, 58) .
All three protocols suppressed appetite immediately after exercise, although this effect persisted for 30 min after VICT and SIT, and for 90 min after SIT only. Furthermore, highintensity exercise elicited greater appetite-suppressive effects compared with MICT at all postexercise time points. As such, exercise intensity appears to influence both the magnitude and duration of appetite suppression, with a more prolonged effect observed after supramaximal interval exercise. These findings add to previous work, demonstrating appetite suppression after strenuous (Ն70% V O 2max ) endurance exercise (7, 9, 33) . While the examination of appetite responses to intensities above 80% V O 2max has been limited to intermittent exercise, our findings extend those of Stensel's group, who reported greater appetitesuppressive effects of submaximal (15) and supramaximal (13) interval exercise compared with MICT, although they observed compensatory increases in appetite (but not energy intake) in the hours after SIT. Although others have also reported heightened appetite perceptions after MICT that would be expected to stimulate energy intake in the hours after exercise (6, 9), we did not observe such a compensatory response after any exercise protocol within the acute experimental time frame of the current study. In fact, we observed a decrease in free living energy intake on the day after VICT and SIT, which extends previous reports of suppressed 24-h energy intake following high-intensity exercise in overweight/obese populations (52, 54) , although we are the first to report this in active young males. Taken together, our data combined with previous findings supports the ability of high-intensity protocols to suppress perceptions of appetite (13, 15, 42) and facilitate reductions in energy intake (1, 52, 54) .
As expected, the increase in blood lactate was intensitydependent and greatest after SIT, providing a potential mechanism underlying the appetite-suppressive effects of highintensity exercise. These findings are in line with those of Sim et al. (52) , who reported intensity-dependent increases in blood lactate with concomitant decreases in acylated ghrelin in overweight males following submaximal and supramaximal interval cycling. Furthermore, the rapid increase in blood lactate immediately postexercise correlated negatively with the AUC values for acylated ghrelin (r ϭ Ϫ0.60) and overall appetite (r ϭ Ϫ0.48) in the current study. Ghrelin-producing gastric cells are highly enriched with the G protein-coupled receptor 81 (GPR81), which binds lactate, and treatment of these cells with physiological concentrations of lactate suppresses their secretory function (17) . As such, the intensity-dependent reductions in acylated ghrelin following exercise may be explained by the inhibitory effects of blood lactate on these cells, which is in line with studies reporting a decrease in energy intake following peripheral lactate infusion in both humans (47) and animals (41) . Alternatively, decreases in appetite and/or energy intake may also be mediated via central lactate metabolism (36) , through increases in hypothalamic malonylCoA and subsequent changes in orexigenic and anorexigenic neuropeptides (10). Although we did not establish a causal link between blood lactate and appetite-related parameters, the aforementioned findings from animal/cell models combined with those from the current study highlight the potential involvement of lactate in the appetite-regulatory response to acute exercise. IL-6 concentrations peaked at 30 min postexercise, with the magnitude of increase being greater after VICT compared with MICT (48) . Changes in IL-6 during the postexercise period were positively correlated with the AUC values for active GLP-1 (r ϭ 0.42) and peak IL-6 and GLP-1 concentrations occurred simultaneously after VICT, highlighting a possible relationship between these variables (16, 55) . Although we did not observe a relationship between IL-6 and plasma total PYY in the current study, it is possible that PYY mRNA was altered in response to exercise, as previously reported in animals (16) . Alternatively, a greater IL-6 response may be required to establish stronger relationships with these peptides, as the previously reported increases in GLP-1 concentrations and PYY mRNA were preceded by substantially greater (Ͼ100-fold) increases in systemic IL-6 (16). We also observed a negative correlation between changes in IL-6 during the postexercise period and the AUC values for overall appetite (r ϭ Ϫ0.36), further highlighting the potential for this myokine to influence appetite and/or energy intake (2). Apart from peripheral effects, the effects of IL-6 on energy homeostasis are also mediated centrally via direct actions in key hypothalamic nuclei, as central IL-6 interacts with the same neuronal circuits by which peripheral signals exert their orexigenic/ anorexigenic effects (18, 43, 44, 51) . Although these findings support the role of IL-6 in appetite regulation, its proposed role as a regulator of peripheral hormone release following exercise should be further investigated in humans.
Although the current study provides valuable information regarding the effects of exercise intensity on acute appetite regulation, several limitations should be highlighted. First, given the nature of the study, it was not possible to establish a causal relationship between lactate/IL-6 and appetite-regulating hormones, such as that reported in animals/cells using direct infusion and/or knockout models. Apart from lactate and IL-6, other mechanisms (i.e., sympathetic nervous system activity, gastric blood flow/motility, circulating fuel substrates) likely also contributed to the intensity-dependent exercise effects observed in the current study (25) and should be investigated in future work. Second, the acute experimental time frame of this study may not have fully encapsulated the magnitude and/or duration of the appetite-regulatory response to exercise, limiting our ability to observe any protracted effects. Third, we acknowledge the limitations associated with self-reported energy intake (i.e., underestimation or overestimation of intake, and measurement errors), although these have shown to be of greater concern in overweight/obese populations (27) . Although highly controlled laboratory conditions are no doubt ideal for isolating specific variables and examining their effects on food intake, this environment has the potential to alter an individual's natural eating behavior. As such, we felt that it would be of greater merit to measure energy intake under free-living conditions, while trying to minimize reporting error through follow-up interviews to verify the accuracy of the self-reported dietary intake. Finally, the small sample size and the participant characteristics (active, normal weight, young males) used in this study limit the applicability of our findings to overweight/obese and/or sedentary populations. Additionally, potential sex differences in the peripheral hormonal response to exercise (26) and/or the sex-dependent expression of hypothalamic neuropeptides (49) warrant further examination of appetite control in females.
Conclusions
Taken together, our findings support an intensity-dependent paradigm for appetite regulation following acute exercise, which appears to be closely associated with reductions in acylated ghrelin though increases in GLP-1 and PYY also contribute. Additionally, this study extends previous work in animal/cell models by providing evidence for the potential involvement of lactate and IL-6 in the appetite-regulatory response to acute exercise in humans. Nevertheless, a causal relationship between lactate/IL-6 and appetite-related parameters remains to be established and should be investigated in future work.
